Introduction
Anthropogenic climate change is recognised as one of the main potential threats to biodiversity over the course of this century. Early projections indicated that richly biodiverse regions including the Succulent Karoo and Fynbos biomes of southwestern Africa would be particularly prone to predicted changes in the climate (e.g., Midgley et al., 2002 Midgley et al., , 2006 Midgley and Thuiller 2007) . More recently a report by the South African Department of Environmental Affairs (DEA, 2014) has instead predicted a more complex suite of changes across the various biomes of the region, with potential expansion of some (e.g., Desert) and contraction of others (e.g., Fynbos). Contrary to the results of earlier studies, the area that lies within the climatic envelope of the Succulent Karoo biome is now thought to largely persist under all climate scenarios tested, through to 2050, with higher risks of extinction contingent on continued warming. While the inherent richness in floral diversity, especially amongst succulents, is one of the defining elements of the region, such diversity makes the prediction of responses to environmental change (e.g., increasing aridity and thermal stress) challenging. For example, the variability amongst the flora of these biomes in terms of drought tolerance is thought to be especially significant (e.g., Hoffman et al., 2009 ).
Lying within the southwestern corner of Africa, the Succulent Karoo biome is recognised as one of the most important regions of floral biodiversity globally (Mittermeier et al., 1998 (Mittermeier et al., , 2004 . The biome is an area of approximately 116,000 km 2 lying on the fringes of the Cape Floristic Region. It is characterised by a low winter rainfall (Desmet and Cowling 1999a; Jürgens 1991 Jürgens , 1997 Rutherford and Westfall, 1994) and is regarded as one of only two global biodiversity hotspots that are fully arid Mittermeier et al., 2004) .
The primary climatic factors affecting the biome are temperature and precipitation (rainfall, fog and dew) both in amount and seasonality. Rainfall declines east to west and south to north but is also characterised by its unpredictable nature. Non-rainfall moisture is thought to make a significant contribution to make a substantial, and reliable, contribution to total moisture availability (Matimati et al., 2013) . Fog is recognised to be especially prevalent on the west coast and along some larger river systems, notably the Orange River. The contribution made by dew to annual precipitation appears to be less pronounced (<20-fold less), although it is much more widespread than the effects of fog (Matimati et al., 2013) .
The combination of high temperatures, low humidity and low cloud cover is characteristic, especially inland from the coastal strip (where the temperature range is reduced compared to further inland).
The particular climatic conditions within the Succulent Karoo lead to a unique flora, dominated by a large number of leaf succulents, especially members of the Aizoaceae and
Crassulaceae (Cowling and Hilton-Taylor, 1999; Jürgens 1991 Jürgens , 1997 . The biome is strongly species-rich, with approximately 5,000 vascular plant species recorded, and displays high floral endemicity (~40%). The miniaturisation of growth form in leaf succulents (as seen in the genus Conophytum) is an adaptation especially evident in the Succulent Karoo (Desmet and Cowling, 1999b) . Within the Aizoaceae a high degree of speciation is evident (Klak et al., 2004) , no more so than in the miniature or dwarf succulent genus Conophytum, which has >160 recognised species and subspecies (Hammer and Young 2016) . Young and Desmet (2016) determined that more than half (96) of all Conophytum species and subspecies are endemic to the Succulent Karoo biome alone with >90% of all Conophytum taxa found within this single biome. Members of the genus are found in all six bioregions that comprise the Succulent Karoo in South Africa, and display a particularly strong association with the Namaqualand Hardeveld and Richtersveld bioregions. Within Namibia, the genus is also most closely associated with the biome. Within the Succulent Karoo, the highest levels of floral species diversity, especially in dwarf succulents, are often associated with koppies or rocky outcrops (Desmet and Cowling, 1999b) . The flora of the biome is also characterised by high levels of point (local / range-restricted) endemism (Cowling and Hilton-Taylor, 1994; Driver et al., 2003; Mucina et al., 2006) . Such point endemism is most pronounced amongst succulents, especially members of the Mesembryanthemacae, including Conophytum in which more than one fifth of all taxa can be considered point endemics (Young and Desmet, 2016) . The range distribution of the genus Conophytum lies predominantly within a winter rainfall area with a few taxa extending, through a precipitation transitional zone, east into the Bushmanland and Griquland Nama Karoo (areas with summer rainfall). The vast majority (93%) of taxa are associated with the Succulent Karoo (especially the Namaqualand
Hardeveld and Richtersveld bioregions) and the Desert biomes (Young and Desmet, 2016) .
Substantially fewer taxa are found within the Fynbos and Nama Karoo biomes. The strongest affinity of the genus is with the Namaqualand Hardeveld bioregion which is home to 84 taxa alone, including 43 that are endemic to that single bioregion.
While predictions of the possible effect of climate change on individual biomes now exist (e.g., DEA 2014) there are few studies exploring such effects on individual plant genera.
Until now one of the major restrictions in performing such analyses has been the lack of accurate locality data for succulents. These represent a key element of the flora of the region, all the more so as they are recognised as amongst the best-adapted plants to the local environmental conditions, especially drought tolerance (e.g., Musil et al., 2010) .
Utilising a comprehensive location database, the aim of this study was to assess the vulnerability of the dwarf succulent genus Conophytum to anthropogenic climate change in this region.
Methods

Vegetation data
This study concerned the dwarf succulent genus Conophytum at species and subspecies level as defined by Hammer and Young (2016) . The genus consists of 165 recognised species and subspecies, of which the localities of just six are currently unknown (lost or possibly extinct in habitat). Distribution of taxa was represented by the locality data in >2,700 points, mainly the result of fieldwork conducted by two of the authors (Young and Desmet, unpublished data) . The recorded locality data were carefully assessed for error before using them in the model and where accurate gps recordings were not available, distributions were individually geo-referenced to within 0.5km of their stated location. When this was not possible or in cases when the identification of the taxon was uncertain, data was excluded from this study.
The vast majority of all available data arise from South Africa and much less from Namibia.
Nevertheless, all available records were used as long as the accuracy of the record was deemed sufficiently rigorous. In addition to studying the effects on the genus Conophytum, the potential effects of the chosen emission scenarios (see below) were modelled on closely related groups of Conophytum species and subspecies organised into discrete taxonomic Sections, based on their morphology (as recognised by Hammer, 2002 and Hammer and . The adoption of Sections here allows the combining the locality records for several taxa and therefore permits the inclusion of those species and subspecies for which there are only a limited number of locality records (i.e., where either the number of known localities is low or for taxa which are point-endemics and are severely range-restricted).
Global emission scenarios
The climate and environmental data used were from the Worldclim database (Hijmans et al., 2005) , and from the National Land-cover The A1B climate scenario assumes rapid economic growth resulting in a global population that peaks mid-century and declines afterwards, combined with a more rapid development of efficient technologies, reducing the reliance on selected energy sources (Parry et al., 2007) . These two scenarios were not used as absolute possible scenarios for the future, but more as a tool to explore the sensitivity of the genus Conophytum to predicted changes in climate in the future. The A2 scenario is in line with current emissions trends (Nakicenovic et al., 2000) , while the A1B scenario adopts a slightly more mitigated emissions pathway.
The effects of scenarios A1B and A2 on the geographic range of the genus in South Africa and Namibia were modelled using MaxEnt (Phillips et al., 2004 (Phillips et al., , 2006 . This applies Bayesian methods to estimate the potential geographic distribution of species by finding the probability distribution of maximum entropy and is an effective method for modelling species distributions from presence-only data. This spatial modelling software can also address sampling bias that is common in geographical records because collections usually favour the most accessible areas (e.g., close to roads and within nature reserves), thus making it a suitable tool for the present study. The first stage was to relate current environmental conditions to occurrence data for the 16 recognised Sections that comprise the genus Conophytum and subsequently made spatial predictions for the two climate change scenarios.
The conventional Bayesian risk criterion is based on the quadratic loss function and use of a conjugate family (Guo, 2010) , and the Maximum Entropy modelling is an important Bayesian inference, which is established by different risk criteria. In this case the species distribution probability is statistically estimated by searching the family of probability distributions under the maximum entropy criterion subject to environmental constraints.
The species distribution projections used in this study used Gibbs sampling. This is a statistical algorithm used by Bayesian inference. The Gibbs family {q λ (x), λ∈L} is expressed as follows:
( ) 
Environmental variables
In order to explore the bioclimatic envelope of the genus Conophytum, a total of 20 environmental variables were explored at a resolution of 1km. These consisted of 16 bioclimatic variables together with four separate variables reflecting geology (substrate).
The choice of variables adopted for the study reflected the main climatic factors affecting the Succulent Karoo as identified by Desmet and Cowling (1999a) . The climatic variables used were: maximum and minimum temperatures (T max , T min , respectively), average temperature and rainfall (T av and P av, ) for all four seasons. Seasonal periods were defined as: Q1 = December, January, February; Q2 = March, April, May; Q3 = June, July, August; and, Q4 = September, October, November. A number of environmental variables were adopted as possible constraints on the potential for migration or dispersal events by Conophytum taxa.
These were comprised of: altitude (elevation above sea level in meters), terrain morphology (plains, slopes), geology 1 (igneous, limestone, quartzite, sand, schist, shale, ultramafic) and geology 2 (acidity, alkalinity). The full range of environmental variables used is given in the Appendix.
Each spatial model generates the percentage contribution for every predictor variable used with a percentage contribution being estimated from the iterations of the training algorithm by adding or subtracting regularized gain to the variable in question. Modelling was performed using default parameters, with regularization multiplier = 1, maximum iterations = 500 and the random test percentage of 20%. Model performance was determined by area under curve (AUC) of the training and test data for the genus and individual Sections (see A habitat was considered suitable for Conophytum if the probability of persistence was ≥0.3
while regions with a probability <0.3 were assumed to be unsuitable for long-term survival.
Two plots of [omission vs. predicted area] and [sensitivity vs. specificity] were generated and a calculation of model performance were used to determine the persistence threshold for each Conophytum Section. In this case, a threshold of 0.3 that maximized both training sensitivity and specificity under the current climate (Liu et al., 2005 ) was adopted.
Results
Present (1950-2000)
In this study, response curves generated by the spatial modelling software show that the distribution of Conophytum is predominantly influenced by two main environmental variables, namely geology and the amount of rainfall in the warmest quarter, Q1 (see Appendix; the amount of rainfall is equivalent to 5-35mm of precipitation). The warmest quarter (Q1) coincides with the natural dormancy period of the genus, with growth and, in the vast majority of taxa, flowering being most prevalent in the autumn months (Q2). Other important variables influencing the distribution range of members of the genus are the minimum temperature and rainfall within the coldest quarter (Q3), and rainfall within Q2.
When explored at Section level within the genus, geology was found to be the dominant or at least a significant factor in a majority of Sections (except Biloba, Conophytum, Minuscula, Saxetana, Subfenestrata and Wettsteinii). Rainfall within the warmest and / or coldest quarters was a significant environmental factor for all but three sections (Herreanthus, Ophthalmophyllum and Verrucosa). Taxa in Sections Ophthalmophyllum and Verrucosa are somewhat geographically disjunct from the rest of the genus and primarily occupy the northern part of the Bushmanland bioregion in the Nama Karoo biome (lying to the east of the town of Springbok and south of the Orange River) and the easternmost fringes of the Namaqualand Hardeveld bioregion. This area lies within the transitional zone for wintersummer rainfall.
Projected future (2040-69) scenarios
The projections for both emission scenarios (A1B and A2) show a potential range shift of members of the genus coupled with significant habitat fragmentation (Figs. 1-2) . In each case, the projections are presented assuming both a full (universal) migration or perfect dispersal model (allows for 'positive change' in Figs. 1-2) and a, more realistic, zeromigration model (ignores 'positive change' in Figs. 1-2) . Assuming full migration,
Conophytum would appear to be reasonably well-adapted to future climatic conditions, and exhibited a theoretical potential for range expansion. However, the predicted loss of existing suitable habitat across the genus was determined to be 70.5% and 33.8% under scenarios A2 and A1B, respectively. The potential for habitat expansion under both scenarios this would be hampered by both geographic range shift (e.g., in Section Batrachia of 200-600km distant from existing locations, depending on the scenario) coupled with habitat fragmentation (Figs. 1-2 ). The most striking overall effect is a marked potential range expansion for the genus to the east and northeast into southern Namibia. Under scenario A1B a further concentration of suitable habitat is seen in the Succulent Karoo in the southwestern corner of Namibia, along the Orange River and into the southern Sperrgebiet (Fig. 1) . The A2 model, by contrast, suggests the potential for a massive expansion of range north towards the coastal town of Luderitz into the Namib Desert and east through the Bushmanland bioregion in the Nama Karoo biome (Fig. 2) . The predicted range shift of the genus through the Ganka Karoo to the southeast of the current distribution is also marked.
Each taxonomic Section responded differently to each emissions scenario in terms of potential habitat gain and loss of current suitable habitat (Figs. 1-2 ). For example, Sections
Cylindrata and Subfenestrata exhibited the lowest loss of habitat under emissions scenario A1B, yet the relative importance of the environmental variables tested in this study were very different (geology is of primary importance in the former, while summer rainfall is key in the latter). A number of Sections are currently highly geographically localised (e.g., Section
Costata) while others occupy a very large range (e.g., Section Minuscula). Assuming a zero-dispersal model, both scenarios would result in a severe contraction in the bioclimatic envelope for the genus (Fig. 3) , with reductions of >90% in current habitat for 10 of the 16 Sections predicted under the A2 scenario (Fig. 3B) , with all others (except Section
Costata which consists of just two taxa) would experience a reduction of >68% in current habitable land. The vulnerability of Conophytum to both emission scenarios is shown in Figure 4 . Under A1B more than half of all Conophytum species and subspecies would see a loss of >50% currently suitable habitat, with 43% experiencing a loss of 70% or more. Under scenario A2 the effects are more drastic, with >90% of Conophytum taxa predicted to lose 70% or more of their current habitat. The risk of extinction is high, with more than 90 of the 160 taxa predicted to lose >90% of their existing habitat (Fig. 4) .
The zero-dispersal model shows that the Succulent Karoo biome will remain the main centre for the genus and will essentially define the future range for most surviving taxa (especially the Namaqualand Hardeveld bioregion).
Discussion
The dwarf succulent genus Conophytum is one of the largest in the Aizoceae and generally regarded as one of the most adaptive of the dwarf succulents as it occupies such a wide geographical range and geologies. It is also one of the largest of the genera present in the Succulent Karoo biome. Such dwarf succulents are thought to be amongst the most resilient of plant species in the biome to environmental change. By contrast both therophytes and geophytes show increased sensitivity to both drought and temperature extremes (Hoffman et al., 2009 ). Both emission scenarios examined in this study predict changes in the bioclimatic envelope for members of the genus. Both the A1B and A2 emission scenarios tested in this study result in pronounced habitat fragmentation and range dislocation for the genus (Figs. 1-2) . However, there are marked differences in the response of different Sections to the two emission scenarios. While loss of habitat is less pronounced under A1B compared to A2, the potential for range expansion (assuming effective dispersal) is also reduced. Overall, the study indicates that the potential loss of current habitat for the vast majority of members of the genus Conophytum will be in the range 50-100%. Midgley et al. (2002) proposed a link between range dislocation and extinction potential in the Fynbos as the predicted rate of climate change is likely to exceed the ability of populations to migrate (as limited by dispersal mechanisms, for example). While the potential for dispersal or migration as a whole in Conophytum is very poorly understood these conclusions are equally applicable here. Migration rate assumptions in the order of 1-5km per decade have been used in other floral studies (e.g., Midgley et al., 2006) , with the lower limit (arguably an over-estimation) reflecting ant or rodent-aided dispersal and the higher value for wind-borne dispersal events. While the seed capsules for Conophytum taxa are small and light they are not specifically adapted for wind-dispersal. Coupled with the fact that the capsules are also very fragile (mitigating against longer-distance travel) it is reasonable to assume that a maximum rate of 1 km per decade could be applied. This contrasts, however, with the estimates of range dislocation for individual Conophytum Sections from this study, which are in the range of tens to hundreds of kilometres. Such large dislocations will clearly be a major limiting factor in the subsequent potential for the genus to migrate to other suitable habitats, and likely only overcome through human intervention (assisted migration). While a partial dispersal model has not been run for this data, it is suggested that the results assuming a zero-dispersal approach will be most appropriate and better indicates the risk for extinction (Fig. 3) . The current spatial distribution in Conophytum is strongly influenced by geology (see Appendix) and the availability of suitable substrate will be a powerful influence on the potential range shift of individual members of the genus. Driver et al. (2003) highlighted the potential that the quartz fields of the Knersvlakte present for species migration and the importance of quartz fields within the Succulent Karoo biome has been highlighted by Schmiedel and Jürgens (1999) . Given the potential effects on Conophytum distribution shown in this study these quartz corridors could prove to be a major factor in mitigating the effects of range dislocation, all the more so given the lack of suitable substrate on the sandstone-dominated landscape of the Bokkeveld Plateau to the southeast and granite/gneiss to the east and north of the Knersvlakte. Such 'geological gaps' will in many areas where Conophytum is prevalent further inhibit longer-distance migration (e.g., in the inselbergs of Bushmanland).
Topographic diversity has been identified as having a buffering effect moderating the potential effects of climate change (e.g., in the case of Fynbos biome; Midgley et al., 2002) and can form part of a conservation strategy (Halpin 1997) . In the genus Conophytum, the data presented here suggest that this does not appear to be the case -altitude is not a significant factor in the distribution of the genus, with taxa thriving in both coastal areas at sea level and in some of the highest mountain regions such as the Khamiesberg. It is probable that the potential amelioration effect afforded by altitude is outweighed by the overwhelmingly deleterious effects of climate change.
As with many other dwarf succulents (Ihlenfeldt, 1994; Desmet et al., 1998) , the genus
Conophytum is characterised by a high degree of speciation and endemism. While a small number of the 159 species and subspecies studied here may be found occupying a very large latitudinal range (e.g., C. bilobum and C. pageae) most are much more heavily restricted in their distribution within the overall bioclimatic envelope for the genus. Indeed the potential impact of climate change is compounded by the number of highly localised, point endemics seen in the genus. Such point endemics account for ~28% of all Conophytum taxa and are especially prevalent within the Succulent Karoo biome (Young and Desmet, 2016) .
Opportunities for migration among such habitat specialists would be expected to be considerably reduced compared to more widespread taxa. Such taxa are especially vulnerable to climatic or other environmental or human-made changes (e.g., expansion of mining and fracking activities). Members of the genus display a range of growth forms but this does not appear in itself to be a factor in determining how individual taxa respond to climate change. For example, those taxa which can be described as a subterranean form of nanochamaephytes (see Schmiedel and Jürgens, 1999) , especially those in Section Ophthalmophyllum, overall behave very similarly to other taxa in response to climate change under both emission scenarios.
This study can assist in future planning in identifying and managing areas of conservation potential within the bioclimatic envelope occupied by the genus Conophytum now and into the future. Less than one third of Conophytum taxa occur within current formal protected areas within South Africa and Namibia (Young and Desmet, 2016) . These formal conservation areas do not however align well with the predicted distributions of taxa under either the A1B or A2 emission scenarios. However, some of the areas identified in South Africa under the National Protected Areas Expansion Strategy (NPAES focus areas) have the potential to provide more comprehensive coverage of taxa given the projected future distributions, especially under the A1B emissions scenario. The Knersvlakte bioregion is one of those most adversely affected under both emission scenarios (especially A2) and is of particular significance within Southern Africa in terms of its biodiversity (leading to its designation as a Nature Reserve in 2014). The quartz fields of the Knersvlakte are home to several Conophytum taxa, including C. acutum, C. minutum, C. subfenestratum and C.
uviforme. C. uviforme ssp. subincannum uniquely inhabits limestone and several other species are found on the periphery of the area (e.g., C. reconditum). The predicted range of these taxa, with the exception of C. subfenestratum, will be greatly reduced under the conditions predicted by emission scenario A1B and completely lost under scenario A2. Schmiedel et al. (2012) suggest that in the quartz-field populations of the Knersvlakte the 'near-endemic and habitat-specialised' plants may be better buffered against variation in annual rainfall patterns than previously thought. Here, the influence of other sources of moisture such as dew and localised fogs may be significant in plant survival (Matimati et al., 2012) . However, it is not known how such localised events may be influenced by the emission scenarios studied here. The results of passive warming experiments in the Knersvlakte indicate that quartz field species are already close to their limits of thermal tolerance (Musil et al., 2009 (Musil et al., , 2010 .
The results suggest that the Namaqualand Hardeveld bioregion within the Succulent Karoo biome will remain (see Young and Desmet, 2016) 
Conclusions
Overall, the risk of extinction to a majority of species and subspecies of the genus those areas both at highest risk and those that would appear to be most resilient to and can buffer against such changes.
Acknowledgements
We thank the Worldclim database, the National Land-cover Project 2006, and the South African National Biodiversity Institute, for providing some of the data used in this study. This material is based upon work partially supported financially by the National Research Foundation of South Africa (Reference: IFR150206113775, Grant No: 96163). We also thank
Chris Rodgerson for his invaluable contributions towards the fieldwork that enabled the locality data to be compiled.
Appendix A. Supplementary data
The following are the supplementary data relating to this article Table S1 . Predicted change in suitable land area for sections of the genus Conophytum Table S2 . List of species in the genus Conophytum as recognised by Hammer and Young (2016) . Locality data for all the taxa listed was used in the climate change modelling except for C. semivestitum and C. herreanthus ssp. herreanthus which are both lost in habitat.
Natural hybrids were excluded from the study as was any collection of uncertain taxonomy. 
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